Thirteen different serotypes of the food-borne pathogen Listeria monocytogenes have been described. Serotype 4b strains are most often associated with illness, and serotype 1/2a strains are most often isolated from foods and processing plants. Different abilities to respond to stresses have been described for serotype 4b and 1/2a strains. One of the common enrichment protocols used to test foods for the presence L. monocytogenes is described in the U.S. Food and Drug Administration (FDA) Bacterial Analytical Manual (BAM). We compared three strains of L. monocytogenes serotype 4b and five strains of serotype 1/2a in direct competition with each other in two-strain mixed cultures by using the FDA BAM enrichment protocol, which includes both enrichment broth and selective agar, with and without added food to mimic the conditions that occur during attempts to isolate Listeria species from contaminated foods. Using a colony immunoblot procedure and analyzing over 112,000 colonies, we observed differences in strain fitness, but these differences were not attributable to serotype or genetic lineage.
The food-borne pathogen Listeria monocytogenes is commonly associated with deli meats, soft cheeses, unpasteurized dairy products, produce, and processed foods. It is a hardy organism that can withstand extreme salt concentrations and drying and can grow at refrigeration temperatures. Susceptible individuals who ingest contaminated foods can develop listeriosis, a systemic disease that can manifest as meningitis, liver failure, septicemia, and spontaneous abortion. If they receive a dose that is high enough, healthy individuals can develop febrile gastroenteritis (20) . About 2,500 cases of listeriosis occur each year in the United States, and there are roughly 500 deaths (13) . Although 13 different serotypes of L. monocytogenes have been described, the overwhelming majority of cases of illness stem from three serotypes, serotypes 1/2a, 1/2b, and 4b. Most of the outbreaks have been attributed to serotype 4b; however, in surveys of foods or food-processing plants for L. monocytogenes, serotype 1/2a strains are found most often (10) .
Variable traits of L. monocytogenes serotype 4b and 1/2a strains have been described previously. Buncic et al. (5) showed that at 4°C, serotype 1/2a strains survived exposure to bacteriocins better than serotype 4b strains. Additionally, serotype 4b strains survived heat treatments immediately following cold storage better than serotype 1/2a strains. Genome sequence comparisons between a serotype 1/2a strain and multiple serotype 4b strains revealed serotype-specific genes and showed that the serotype 1/2a strain genome is slightly larger than the serotype 4b strain genomes (14) . Analysis of the genotypic differences between the serotypes has led to subtyping of the species into three genetic lineages, based on ribotyping, virulence gene analysis, and mixed-genome microarray analysis (1, 2, 9, 21, 22). Bruhn et al. (4) recently described a bias in favor of lineage 2 strains (which include serotype 1/2a strains) over lineage 1 strains (which include serotype 4b strains) in the commonly used enrichment broth media, University of Vermont Listeria enrichment media I and II (UVM I and II).
Another of the standard protocols used to enrich L. monocytogenes from food samples is the U.S. Food and Drug Administration (FDA) Bacterial Analytical Manual (BAM) method (8) . The BAM L. monocytogenes enrichment protocol includes a nutrient-rich primary enrichment medium, buffered Listeria enrichment broth (BLEB), into which food samples are inoculated. After a 4-h incubation to allow for the recovery of stressed cells, two antibiotics (nalidixic acid and cycloheximide) and a toxic dye (acriflavine) are added. The cycloheximide is used to reduce fungal growth, the nalidixic acid eliminates many gramnegative bacteria, and the acriflavine eliminates many grampositive bacteria, especially fecal enterococci. The culture is then incubated for two more days before it is plated on one of four approved selective and differential agar media. The entire process can take a few days to a week. Many food diagnostic laboratories use either this method or a variation of it to isolate potential L. monocytogenes colonies for further analysis by phenotypic and/or molecular methods. Prior to establishment of the antibiotic enrichment protocols in the late 1980s, L. monocytogenes enrichment was a simple, but lengthy, process that took advantage of the ability of the species to grow at 4°C. Enrichments were done in rich medium in a refrigerator and could take months. No single enrichment protocol is best, as studies that have compared different enrichment protocols as well as direct plating of contaminated foods side by side have shown that some strains are recovered by one method and not by another (11, 19) . Studies have also shown that use of two independent enrichment protocols yields more isolates than use of one protocol alone (18, 19) .
The antibiotic enrichments have made isolation easier. However, since genetic and phenotypic differences between serotypes have been established, it is reasonable to think that these differences could extend to the enrichment process, a stressful environment that demands coping with antibiotics and competition with normal food microbiota. Since serotype 1/2a strains are isolated from foods more often than serotype 4b strains and since the two serotypes have physiological and genetic differences, we speculated that differences in fitness related to serotype might also occur in common selective enrichment protocols. Our hypothesis was that serotype 1/2a strains are not more common in foods but rather are more fit in the enrichment protocol and thus outcompete any serotype 4b strains that may also be present. We tested this hypothesis with a set of eight L. monocytogenes strains using the FDA BAM enrichment protocol. We selected both serotype 1/2a strains and serotype 4b strains that had been isolated from patients, animals, food, and silage. Some of the strains were cultured originally before the standard antibiotic enrichment protocols were developed and were included to determine how well they competed with more recent strains isolated by antibiotic enrichment. We inoculated enrichment broth media with mixed cultures of serotype 1/2a and 4b strains with and without added foods to determine if either serotype survived the enrichment protocol better than the other. The colonies of the two serotypes were differentiated with a colony immunoblot assay that we developed previously (16) . This study differs from a study described recently (4) because a different enrichment medium was used, foods were added to the enrichment process, the entire enrichment protocol (liquid enrichment and plating on selective agar) was used, and a much larger number of colonies were assessed.
MATERIALS AND METHODS
Strains and media. The L. monocytogenes strains used in this study are listed in Table 1 ; whether antimicrobial agents were used in the original isolation of the strains is also indicated. Strains were grown in tryptic soy broth without dextrose supplemented with 0.6% yeast extract (TSYE medium) (Difco, Becton Dickinson, Franklin Lakes, NJ) at 30°C overnight for use in the enrichment protocol. For enrichment, the media used were those recommended in the FDA BAM for L. monocytogenes (8) , and they included buffered Listeria enrichment broth (Difco) and modified Oxford (MOX) medium (Difco). Phosphate-buffered saline (PBS) contained 150 mM NaCl and 10 mM sodium phosphate (pH 7.2). Strains were serotyped by enzyme-linked immunosorbent assay-based serotyping (16) , and the genetic lineage was determined by multiplex PCR as described previously (21) .
Enrichment procedure, differentiation of colony serotypes, and enumeration of strains. The protocol used for enrichment was exactly the protocol described in the FDA BAM for L. monocytogenes (8) , except that the MOX agar plates were incubated for 3 days instead of 2 days to allow better immunoblotting from the strains that produced the smallest colonies. Briefly, 225-ml portions of BLEB were prepared in 500-ml Erlenmeyer flasks. When food was added, 25 g of food was weighed, emulsified with a portion of the BLEB in a sterile Waring blender, and poured into the flask. Iceberg lettuce was purchased on the morning of use from a local grocery store. The outer leaves were removed, and the remainder was cut and weighed for use. A medium cheddar cheese, sealed in plastic, was purchased at a local store. None of the foods were washed before use. L. monocytogenes cultures were grown overnight in TSYE medium with shaking at 30°C. The A 600 of each culture was determined, and the cultures were diluted in PBS so that the densities matched the densities of the least dense cultures, in order to obtain equivalent cell densities. The cultures were serially diluted in PBS, and 100 l of a 10 Ϫ4 dilution was added to the appropriate enrichment flasks, resulting in, on average, 40 to 100 CFU/ml of each L. monocytogenes strain in the flasks. Serial dilutions were plated on TSYE agar plates to ensure that equal densities were used for inocula. Mixed-culture enrichments were prepared by adding mixtures of strains at a 1:1 ratio directly to flasks containing BLEB or BLEB with food. The BLEB enrichment cultures were incubated at 30°C for 4 h, and then the cultures were supplemented with acriflavine HCl (10 mg/liter), nalidixic acid (40 mg/liter), and cycloheximide (50 mg/liter) as described in the BAM protocol (8) . The cultures were incubated for a total of 48 h before dilution plating onto MOX agar. The MOX agar plates were incubated at 35°C for 3 days. If single-strain enrichment was done, at this point the colonies were counted, and the numbers of CFU/ml of each strain in the various enrichments were calculated. If mixed-culture enrichment was done, the colonies on the MOX agar plates were transferred to a nitrocellulose membrane, and colony immunoblotting was performed as described previously (16) . The blots were probed sequentially with 1:1,000 dilutions of type 1 or type 4 Listeria O antiserum (Difco), and this was followed by detection of the primary antibody by probing with alkaline phosphatase-conjugated goat anti-rabbit antibody and visualization of the secondary antibody binding with either SIGMAFAST 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium, which stains colonies blue, or SIGMAFAST Fast Red TR/ naphthol AS-MX, which stains colonies red (Sigma-Aldrich, St. Louis, MO). The order of use of the antisera (type 1 or type 4) and the color reagent (red or blue) used to visualize the binding of the secondary antibody was random, with the 
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result that colonies of one serotype were differentiated from colonies of the other serotype by color. After the immunoblot procedure, the colonies of each color (serotype) were counted, and the percentage that each serotype contributed to the total L. monocytogenes colony count was determined. Doubling times and adaptation to supplement stress. Doubling times of cultures in different media were measured by monitoring the A 600 of cultures growing in BLEB and BLEB containing BAM supplements. Cultures were grown overnight in the same medium in which they were to be monitored, diluted 1:50 into fresh medium, and incubated at 30°C with shaking at 100 rpm, and the A 600 was monitored. The doubling time was calculated by determining the time that it took for the A 600 value to double during the logarithmic phase. The time that it took to respond to chemical stress was determined by diluting a BLEB-grown culture into fresh BLEB, allowing it to grow for 90 min, and then adding the BAM supplements. The A 600 values of the cultures were monitored and compared to see if there were differences in growth or adaptation to the antimicrobial agents. The experiments were done at least twice, and the average values and standard deviations were calculated.
RESULTS
Doubling times of strains and adaptation to supplement stress. Doubling times were calculated for cultures grown in BLEB and BLEB containing the BAM supplements nalidixic acid, cycloheximide, and acriflavine ( Table 2 ). The culture doubling times were 8 to 26 min longer in BLEB containing the supplements than in plain BLEB. For most of the strains the doubling times in BLEB were approximately 70 min. Strain RM3175 was the slowest grower in BLEB, with a doubling time of 80 min. In BLEB containing supplements, the doubling times ranged from 77 min (RM2199) to more than 90 min (RM3176, RM3175, RM3364, and RM2985). The rate of doubling was not dependent on the serotype of the strains, since two serotype 1/2a strains and two serotype 4b strains had doubling times of Ն90 min in BLEB containing supplements.
As part of the BAM protocol, chemical supplements are added after 4 h of incubation in order to allow repair of stressed cells. Differences in strain fitness could have resulted from variable responses to addition of these chemicals. To see if there were differences in the responses to supplement addition, growth of the cultures was monitored in plain BLEB for 90 min, and then supplements were added. Figure 1 shows the results of one of these experiments. After addition of the supplements there was little difference in the growth of the strains, as shown by the curves for the eight strains. No additional lag phase was observed in response to addition of the chemical supplements.
Fitness of strains in single and mixed-culture enrichments. The starting cultures for inoculation of the enrichment broth media were diluted to the same A 600 , and the presence of equivalent numbers of CFU/ml was confirmed by serial dilution and plate counting. In all experiments, the enrichment broth media were inoculated with a serotype 4b strain and a serotype 1/2a strain at a ratio of 1:1. Figure 2 shows the results of a typical immunoblot experiment. MOX agar plates were incubated for 3 days at 35°C instead of the 2 days recommended by the BAM, because some of the L. monocytogenes colonies were too small to blot well after 48 h as recommended in the BAM protocol. In fact, some colonies, especially those of strain RM3175, were only pinpoint size even after 48 h of growth. Generally but not exclusively, the colonies of the serotype 4b strains on MOX agar plates were larger than those of Fig. 2 . The fates of the serotype 4b and 1/2a strains in direct competition in the BAM enrichment protocol are shown in Fig. 3 to 5. Each experiment was done at least three times, and the graphs show averages and standard deviations. A total of 112,000 colonies were assessed, and between 744 and 8,805 colonies were counted for each strain pair for each enrichment in all the replicate experiments. When a strain pair is indicated below by two strain designations with a slash between them (e.g., RM2387/RM3106), the first strain is the serotype 4b strain and the second strain is the serotype 1/2a strain. In general, the standard deviations were smaller in the enrichments without added food (Fig. 3) . Although culture bias in the enrichment protocol was observed in some experiments, it was not strictly associated with either the 4b or 1/2a serotype. Strain RM2387 (serotype 4b), originally isolated from mint by enrichment with antimicrobial agents, was very competitive in enrichments with the serotype 1/2a strains RM3106 (isolated from a chicken processing plant with the use of antimicrobial agents) and RM3175 (isolated from a human who had eaten contaminated hot dogs). Serotype 4b strain RM2387 consistently accounted for nearly 100% of the colonies on MOX agar plates derived from the enrichments that included either of these two serotype 1/2a strains in plain media (Fig. 3 ) and in media with both cheese and lettuce (Fig. 4 and 5) . The results shown in Table 2 indicate that the doubling times of strain RM2387 (serotype 4b) in plain BLEB and BLEB containing supplements were equivalent to those of strain RM3106 (serotype 1/2a) and less than those of strain RM3175 (serotype 1/2a). Serotype 1/2a strains RM3175 and RM3106 were more competitive with the two other serotype 4b strains used in the study, strains RM2199 and RM3176.
Serotype 1/2a strains RM3175 and RM3106 were recovered at or near statistically equivalent levels when they were paired with serotype 4b strain RM2199 in media alone (Fig. 3) . The recovery of RM3106 was statistically equivalent to that of RM2199 in both cheese and lettuce enrichments, whereas RM3175 colonies comprised only about 20% of the colonies recovered for the RM2199/RM3175 pair in the enrichments with food. The third serotype 4b strain tested, RM3176, was more fit than the serotype 1/2a strain RM3106 in plain media; only 15% of the colonies recovered for the pair were RM3106 colonies. However, in enrichments with food, equal amounts of strains RM3176 and RM3106 were recovered. For the RM3176/RM3175 pair, the serotype 1/2a strain RM3175 had a slight edge over the serotype 4b strain in plain media, but when food was added, the levels of recovery of the two strains were statistically equivalent.
Whereas RM3106 and RM3175 were the two serotype 1/2a strains that were the least competitive in the mixed enrichments overall with the serotype 4b strains, the two serotype 1/2a strains that consistently proved to be more fit in the enrichments in comparisons with all three serotype 4b strains were milk isolate RM2985 and silage isolate RM3316. The 
VOL. 72, 2006
COMPETITIVE FITNESS OF L. MONOCYTOGENES STRAINSlatter two strains were both isolated originally with antimicrobial supplements. RM2985 and RM3316 consistently dominated the L. monocytogenes populations recovered from the different enrichments in which they were used ( Fig. 3 to 5 ). In pairs with the serotype 4b strains incubated in plain medium, RM2985 and RM3316 each accounted for over 90% of the colonies recovered. When foods were added, the recovery of serotype 4b strains RM2387 and RM2199 was slightly better in pairs with serotype 1/2a strains RM2985 and RM3316 than in plain medium (approximately 20% to 30%). The third serotype 4b strain, RM3176, however, was still poorly recovered from the food enrichments when it was paired with either RM2985 or RM3316. In these pairs, only 0% to 4% of the colonies recovered were RM3176 colonies. While RM2985 and RM3316 were among the strains that were recovered best from all enrichments, their doubling times were equivalent to those of many of the other strains in this study, including the three serotype 4b strains (Table 2) . RM3364 was the serotype 1/2a strain that exhibited intermediate fitness in enrichment mixtures with the serotype 4b strains compared with the "high-fitness" serotype 1/2a strains RM2985 and RM3316 and the "low-fitness" serotype 1/2a strains RM3106 and RM3175. Strain RM3364 (serotype 1/2a), which was isolated originally in 1926 without the use of antimicrobial agents, was more fit than any of the serotype 4b strains in enrichments containing media without added food, accounting for 60% to 96% of the colonies on the MOX agar plates (Fig. 3) . RM3364 was still recovered at levels of 94% to 98% when it was paired with RM3176 in enrichments with cheese and lettuce. However, the other two serotype 4b strains, RM2387 and RM2199, competed better with RM3364 in the food enrichments. For the RM2387/RM3364 pair in cheese and lettuce, statistically equivalent numbers of each strain were recovered. Statistically equivalent numbers of RM2199 (serotype 4b) and RM3364 (serotype 1/2a) were recovered when this strain pair was grown in enrichments with cheese; however, with lettuce only 20% of the colonies recovered were serotype 4b strain RM2199 colonies (Fig. 4 and 5) . Table 3 shows the log CFU/ml of each strain recovered from all the types of enrichments when the strain was either in coculture or was subjected to the enrichment process in a single culture. Each strain grew to equivalent levels when it was inoculated in monoculture into plain medium or cheese or lettuce enrichments; the levels were roughly 9.5 to 9.6 log CFU/ml in plain medium, 8.5 to 8.8 log CFU/ml in enrichments with cheese, and 9.5 to 10 CFU/ml in enrichments with lettuce. Therefore, strains that were poor competitors in mixed cultures, such as serotype 1/2a strains RM3106 and RM3175 and serotype 4b strain RM3176, were recovered at the same levels as strains that were good competitors when they were enriched as monocultures. In coculture enrichments, when the values for log CFU/ml recovered of each strain were averaged, the number was lower and the standard deviation was greater than when the strains were enriched in single cultures.
DISCUSSION
In addition to the obvious difference between serotypes, different cell surface antigens and physiological differences related to bacteriocin resistance and the ability to recover from temperature stress have been reported for serotype 1/2a and 4b strains (5) . To begin to determine if serotype 1/2a strains are more commonly isolated from environmental samples because they are more fit in enrichment protocols, we tested serotype 4b-serotype 1/2a strain mixtures using the FDA BAM enrichment protocol with and without addition of foods to mimic regular enrichments for L. monocytogenes that might occur in testing laboratories. Therefore, the L. monocytogenes competition and/or fitness data for the strains were compared with each other and also with data obtained in the presence of the indigenous flora and chemicals on the foods. Strains that represented both serotypes and were isolated from similar sources (e.g., patients, dairy products, and plants) were selected. Patient serotype 4b isolates were also selected based on the foods from which the outbreaks originated (cheese and coleslaw). We hypothesized that serotype 1/2a strains would be more fit in the commonly used BAM enrichment procedure, but our analysis of over 112,000 colonies isolated from multiple mixedstrain enrichment experiments did not support this hypothesis.
Although only a limited number of strains were tested here, it is clear that some strains were more competitive or more fit than others, but the difference was not correlated with serotype. Two serotype 1/2a strains, RM2985 and RM3316, were high-fitness strains in any pair and in any food (or nonfood) source, whereas other serotype 1/2a strains (e.g., RM3175 and RM3106) exhibited lower fitness. The least fit strain, RM3175, had the shortest doubling time of the strains in this study, and this may be one reason for its low fitness overall in the FDA BAM protocol. However, RM3106, another low-fitness serotype 1/2a strain, had doubling times equivalent to those of the serotype 4b strains tested, and the very-high-fitness serotype 1/2a strain RM2985 had one of the longer doubling times in BLEB containing supplements. Therefore, differences in fitness cannot be attributed to differences in growth rate alone. Potential differences in fitness could be attributed to the ability of a strain to survive the entire 48-h enrichment process; however, as shown in Table 3 , all the strains produced similar numbers of cells in monoculture enrichments. Differences in the total number of cells of a given strain were seen only when the cells were mixed in a coculture, Therefore, the individual abilities to survive the 48-h enrichment culture do not explain the differences seen in coculture. These data suggest that there were fitness differences in coculture as a result of competition between L. monocytogenes strains, as well as any complexities added by the presence of foods. Another area of potential difference could be the plating efficiency of the strains on MOX agar, but in our experience L. monocytogenes strains have the same plating efficiency on MOX agar as on the nonselective medium TSYE agar (data not shown).
For the comparison of the coculture enrichments with plain media to the coculture enrichments with added foods, several aspects are worth noting. First, the variability in the data was smaller with plain media. This is understandable considering that the addition of food adds factors that could affect growth and/or fitness, including resident food microbiota, nutrients, inhibitors, and chemicals (e.g., pesticides and preservatives). Second, in some instances the fitness of strain pairs changed with the addition of foods. The serotype 4b strain RM2199 was more fit than some of the serotype 1/2a strains with food in the enrichments. The serotype 1/2a strain RM3364 was recovered at higher levels in plain medium than in the food enrichments when it was paired with the serotype 4b strain RM2387. RM3364 was also more fit in pairings with serotype 4b strain RM2199 in lettuce than in cheese. It should be noted that RM2199, although a human isolate, resulted from an outbreak associated with contaminated cheese. Additional variables in the enrichment, such as the presence of food and/or another L. monocytogenes strain, seemed to challenge the fitness of a strain.
The three strains that were most fit were serotype 1/2a strains RM2985 and RM3316 and serotype 4b strain RM2387, all of which were environmental isolates (isolated from bulk milk, silage, and mint, respectively) that were isolated originally using antimicrobial enrichments (Table 1) . Several investigators have described persistent or recurrent strains of L. monocytogenes that are routinely found in processing plants or agricultural environments (7, 10, 12, 15) . Presumably, these persistent strains are well suited to their environments and also potentially to the enrichment procedures with which they are routinely found. The very fit strain RM2985 has been identified as a persistent strain in a previous study (3) . Another aspect to consider when competitive fitness is assessed is how the strains were originally isolated. Environmental and food isolates obtained since the late 1980s are most likely to have been isolated using antimicrobial agent-based enrichments similar to that used here. We included patient isolates in part because they were more likely to have been isolated by methods not requiring selective enrichment culture, especially if they were isolated from normally sterile body fluids. Similarly, RM3364 was included since it is an old isolate, not found with the present antimicrobial enrichments, to see if it could compete in the current protocols. While the original antimicrobial agent-based enrichments were developed and tested with older strains, the colony immunoblot method provided a way to test these strains directly in mixed cultures with recent isolates with a large number of colonies to analyze. The serotype 1/2a strain RM3364 proved to be a midlevel competitor with the serotype 4b strains overall, doing very well in plain media and with foods. On the other hand, none of the human isolates (serotype 4b strains RM2199 and RM3176 and serotype 1/2a strain RM3175), which were also isolated from nonantimicrobial agent enrichments, were among the fittest isolates in this study. Therefore, with the limited number of strains tested here, it is difficult to conclude that the FDA BAM enrichment protocol is inherently biased against the strains not isolated with the use of antimicrobial agents. The possibility that clinical isolates might be less fit in enrichment culture than nonclinical isolates is an avenue for future studies.
A previous study reported a bias toward serotype 1/2a strains over serotype 4b strains in UVM I and UVM II, which are enrichment media that are different from the medium used here (4) . BLEB has a slightly higher nutrient content (higher concentrations of tryptone and yeast extract, with addition of soytone, dextrose, and pyruvate) than UVM I and II. Additionally, BLEB contains twice as much nalidixic acid as both UVM media and less acriflavine (BLEB, 10 ml/liter acriflavine; UVM I, 12 mg/liter; UVM II, 25 mg/liter). Bruhn et al. (4) speculated that acriflavine might be a cause of the bias in the UVM media; however, when we tested our strains in BLEB containing either 10 or 12 mg/liter acriflavine, there was no difference in growth of any of the strains with the two different acriflavine concentrations (data not shown). Therefore, the lack of bias seen in the present study may be related to nutrient factors present in BLEB that are absent or present at lower concentrations in UVM and/or to the strains used in the studies. The lack of serotype or lineage bias seen here with the BLEB enrichments suggests that BLEB might facilitate isolation of more L. monocytogenes strains present in food than the UVM I and UVM II dual-enrichment protocol. We modified the BAM protocol in one area and incubated the MOX agar plates for 3 days instead of 2 days, so that the colonies of the slowly growing strain RM3175 would be visible. Since RM3175 was originally a human clinical isolate, we recommend that the BAM method should be amended to allow slowly growing, potentially disease-causing isolates to grow on selective agar plates. Nevertheless, with the limited number of strains tested here, we observed that certain strains of L. monocytogenes were more likely to be isolated than others with the FDA BAM enrichment protocol but that the difference was not attributable to serotype or lineage. This may have been due to differences in fitness that are related to the ability of a strain to survive in a given niche and that do not necessarily make it ideally suited to survive enrichment culture when it is competing with a more fit strain.
